The long term goals of our research are to:
3.
Modeling: A number of representative events will be modeled with and without the sound-speed profile of the measured internal wave in order to explore and compare the effects of the internal wave on acoustic propagation and intensity variability with measurements.
B. Long Range Sediment Tomography using Combustive Sound Sources (CSS)
The tasks associated with the long range sediment tomography objective are:
1. Investigate the effect of shear on compressional wave dispersion: Effect of shear on the modal dispersion was investigated. Estimates of shear wave velocity can be made based on this analysis.
Develop new inversion techniques for shear properties:
A new inversion scheme is being developed to estimate shear properties of the sediment using interface wave dispersion. The instrumentation and other assets (including horizontal bottom-mounted geophone array) required for this task were recently acquired under the DURIP program. 3. Finite Element Modeling of wave propagation: Doctoral student, Hui-Kwan Kim, is modeling wave propagation within short ranges.
APPROACH
The PIs (James Miller and Gopu Potty) took part in the SW-06 on the R/V Knorr and participated in the CSS deployments. Effect of shear on modal dispersion was studied using the Shelfbreak Primer data. SW06 data are used to investigate for the evidence of intensity fluctuations associated with internal wave interaction with acoustics. Modeling using a 3-D propagation code (3D PE) was also carried out to confirm these intensity fluctuations. A shear measurement system consisting of geophone/hydrophone array and WHOI-SHRU data acquisition system was designed and developed as part of a DURIP grant. Data were collected during two field tests which are being used to develop a scheme to estimate shear properties.
WORK COMPLETED
The data from SW-06 have been analyzed and preliminary results have already been presented at ASA meetings. Graduate student George Dossot has completed the analysis of the data from R/V Sharp transmissions received on the WHOI-Shark VLA and has modeled the propagation to include the effect of internal waves using a 3D Estimation of shear properties of the bottom using Scholte wave data is also being pursued currently. 
RESULTS

Acoustic variability in the presence of internal waves
Georges Dossot, as part of his doctoral dissertation research, examined the extreme variations of acoustic signals in the presence of internal waves. Specifically, we focused upon the intensity fluctuations of acoustic transmissions made by the R/V Sharp during the Shallow Water 2006 (SW06) experiment. This work has been completed and the results are being documented for publication in Journal of Acoustical Society of America.
Effect of shear on the modal dispersion:
We have been investigating the effect of shear on the modal propagation and attenuation using data from the Shelfbreak Primer (1996) data. We used a simple elastic half space sediment model and followed the approach introduced by Tolstoy 1 to calculate the theoretical model dispersion. We iteratively adjusted the shear speed and eventually matched the observed dispersion reasonably well as shown in Figure 1 (data from Primer experiment). Panel (a) in Figure 1 shows the calculated and observed modal arrival times at a range of 40 km. The continuous white lines are the modal arrival times calculated for a half space elastic sediment model with a compressional speed of 1820 m/s and a shear speed of 350 m/s. The effect of shear is more pronounced in the frequency region where the group velocity is a minimum (Airy phase region). The theoretical curves seem to agree with the data especially near the Airy phase for modes 1 and 2. The black lines are the arrival times assuming no shear in the sediment. It can be seen that addition of shear makes the modes to arrive earlier.
Neglecting shear can be compensated by adjusting the compressional wave speed (broken black lines). By reducing the compressional wave speed to 1790 m/s good match is obtained at lower order modes but it is hard to match the data across higher and lower modes simultaneously as can be seen in the figure. Panel (b) shows the compressional wave speeds in the sediment obtained by previous inversions and core data compared with the present estimate (1820 m/s). The core data correspond to compressional (panel b) and shear speed (panel e) estimates using AMCOR 6012 data. Figure 1 shows the modes 3 and 4 compared with theoretical predictions based on a half-space sediment model with a shear speed of 350 m/s. The time-frequency diagrams shown in these figures were generated using the warping transform approach which is described in detail by Bonnel and Chapman 2 . The warping operator transforms a signal (x(t)) into a warped signal (y(t)) using the warping function w(t) as follows 2 :
Panels (c ) and ( d) in
ensures conservation of energy in the original and warped domains.
Based on an ideal isovelocity waveguide with pressure release upper boundary and rigid bottom, the warping function can be defined as 2 :
( )
Here c w is the sound speed in the water column and r is the range. This warping function transforms the modal components to monotones at the modal cut-off frequencies. For any mode m the procedure to create a dispersion diagram (as shown in figures 1c and 1d) can be summarized as follows:
1. Warp the time series using w(t) 2. Filter out the warped mode m. 3. In the time domain, un-wrap the mode using w -1 (t).
The theoretical dispersion curves for the elastic bottom compare well with the data as shown in Figure  1c and 1d.
Shear Measurement System based on interface wave dispersion:
We have acquired a geophone/hydrophone array under a DURIP grant (Seafloor Shear Measurement Using Interface Waves, Miller and Potty PIs) capable of collecting interface wave data. Using the dispersion characteristics of the interface wave data we plan to invert for shear wave speed. We have conducted two field tests and planning to perform more engineering tests this fall. The first seabed test, using some of the components of the shear measurement system, was conducted north of the R/V Endeavor Pier in the Narragansett Bay Campus of the University of Rhode Island on March, 2011. One SHRU and a four geophone array were deployed off the stern of R/V Endeavor in approximately 6 m of water. The geophones were properly placed, with a spacing of 5 m underwater, with the help of divers. The layout is shown in Figure 2 (a). A 300 lbs weight was released from just below the surface of the water off the stern of R/V Endeavor using the ship's capstan. Data were collected by repeating the weight drops ten times.
The signals received on the four geophones were used to calculate the phase velocity as a function of frequency. Phase difference calculated from the cross spectral density between signals from a geophone pairs is used to calculate the phase speeds. The phase speeds calculated using all the possible event-geophone pairs are shown in Figure 2 (black asterisks in panel b) . A model to predict the Scholte wave phase speed dispersion based on the dynamic stiffness method was developed recently. This model will be described in the next section. Phase speed dispersion is also calculated assuming a power law variation of shear speed in the sediment. A model developed by Chapman and Godin is then used to model the phase speed dispersion. The phase speeds calculated theoretically based on Chapman-Godin approach 3 and the new dynamic stiffness model is overlaid on the data in the figure  1(b) . The theoretical phase and group velocity curves shown in panel b of Figure 2 have been calculated based on a shear wave speed profile shown in panel c. The layered model was used in the dynamic stiffness method and power law profile was input to the Chapman-Godin model. The layered sediment model is based on the sediment layers assumed (based on published data) for the location (shown to the left of panel c).
Dynamic stiffness matrix approach: In the new model based on the dynamic stiffness matrix approach, the dispersion relationship for the Scholte wave has been computed from the global stiffness matrix K total of the water over layered bottom system. The sediment is assumed elastic in this analysis and the dynamic stiffness matrix of the complete bottom (K total ) is obtained by assembling the stiffness matrices of the individual sediment layers and the bottom half space. The stiffness contribution of water layer was also included in the global stiffness matrix. The characteristic equation relating the phase velocities to the frequencies can be obtained by setting the determinant of K total to zero.
The model described above was successfully validated by comparing with published results.
Another full-scale sea test was conducted during 22-25, August 2011 in Narragansett Bay and off Block Island, RI. We accomplished three days of testing of the geophone array and the Combustive Sound Source (Preston Wilson, ARL, UT Texas) which were deployed by R/V Shanna Rose. We are currently processing the data from the test and use the Scholte wave data to invert for the shear properties of the bottom using the method adopted in our earlier test.
IMPACT/APPLICATIONS
The inversion scheme using explosive sources is suitable for rapid estimation of acoustic properties of sediments in shallow water. This method is cost effective as a single sonobuoy and air-deployed explosives can provide the data. Using multiple sources and receivers sediment properties would allow an area to be mapped. Scholte wave based methods are ideal for the estimation of shear speed in the bottom. 3-D propagation effects are important to naval applications as it can cause fluctuation in the acoustic field of the order of 5 to 10 dB. The understanding of the causes of these large fluctuations in transmission loss will aid their possible exploitation in ASW.
TRANSITIONS
The sediment parameters obtained by this inversion will compliment the forward modeling efforts. The sediment tomography technique is suitable for forward force deployment when rapid assessment of environmental characteristics is necessary. In addition to naval air ASW applications using sonobuoys and SUS charges, this technique would be compatible with Navy special operations involving autonomous vehicles.
